The purpose of the current study is to investigate whether amplitude envelope alone can cue the auditory discrimination of any two lexical tones in Cantonese, and to tease apart the relative contributions of three acoustic factors to lexical tone perception using amplitude envelope. Signalcorrelated noise stimuli were re-synthesized based on six Cantonese lexical tones produced naturally. Thirty native listeners of Cantonese and thirty native listeners of American English were presented pairs of the stimuli, and were instructed to report whether each pair consisted of identical or different Cantonese lexical tones. The results indicated that native listeners of Cantonese discriminated each of the thirty-six lexical tone pairs in Cantonese significantly above chance and with greater accuracy and shorter reaction time than the native listeners of English.
Introduction
Amplitude envelope (AE) of a sound is defined as the amplitude fluctuation in the waveform of the sound between 2 and 50 Hz during the production of the sound [1] . Similarly, AE of a lexical tone (abbreviated as tone hereafter) is defined as the amplitude fluctuation in the waveform of the tone between 2 and 50 Hz during the production of tone [2] [3] [4] . It reflects the overall rising, falling or steady trend of amplitude fluctuation throughout the production of a tone [2] [3] . In Cantonese, for example, a falling tone has a falling AE, whereas a rising tone has a rising AE [2] .
The role of AE in tone perception has been investigated in Mandarin [3] [4] and Cantonese [2] . Native listeners of Mandarin or Cantonese are able to use the AE cue alone to identify tones in their native language with above-chance accuracy [2] [3] [4] . These findings have far-reaching clinical implications. Cochlear implant users who speak a tone language have difficulties perceiving tones in a tone language due to the limitations of currently available commercial speech processing strategies in encoding F0 [5] [6] [7] [8] . Experimental speech processing strategies have demonstrated promising clinical results in improving tone perception in cochlear implant users by enhancing the encoding of the AE cue [2] .
The findings from research on Cantonese tone perception using AE were of special interest. A tone language uses either tone contour, tone height or both for phonemic contrasts [9] . Cantonese uses both tone contour and tone height for phonemic contrasts. That is, there are three tone contours that are phonemically contrastive: falling, rising, and level. Relative tone height is also used for phonemic contrasts, yielding six phonemically contrastive tones in Cantonese: Tone 1 (High Falling), Tone 2 (High Rising), Tone 3 (Upper Middle Level), Tone 4 (Low Falling), Tone 5 (Low Rising), and Tone 6 (Lower Middle Level) [2] [9][10] [11] . Thus, if AE alone can cue tone perception in Cantonese, it should be able to cue tone perception in any language. However, this needs to be tested empirically across various families of tone languages.
Research on tone perception using the AE cue is still in its infancy, with several unanswered questions. First, F0 was found to co-vary with AE in Mandarin and Cantonese tones [2] [3] [4] , and this covariability was hypothesized to be the reason why native speakers could identify lexical tones in their native language using the AE cue alone [3] . However, in these previously published studies, a tone with a higher degree of F0-AE covariability was not necessarily identified with greater accuracy than a tone with a lower level of F0-AE covariability [2] [3] [4] . This suggested that the F0-AE covariability might not be the only variable affecting tone perception using the AE cue alone [2] . In fact, other factors have been reported in previous studies on tone perception using the AE cue alone [2] [3] . For example, some tone types were identified with significantly higher accuracy than others [2] [3] [4] , and some carrier syllables yielded better tone identification accuracy [3] [4] . Yet, it was unclear whether these factors were acoustic or linguistic in nature.
Another unanswered question in previous studies on tone perception using AE was that the most often mis-identified tone was the rising tone in one study [3] , but dipping tone in another [4] , even though both studies involved only the four Mandarin tones and were comparable in all aspects of the two studies. These inconsistent findings indicated that the research on tone perception using AE leaves much to be desired.
Another issue in previous studies on tone perception using AE was the use of a word identification paradigm with signal-correlated noises (SCNs) as stimuli. These SCNs contained nothing but the AE of a Mandarin or Cantonese word. Yet, upon hearing each SCN, participants were to identify, from a list of written Chinese characters differing only in tones, the character that had the same tone as the SCN. This was a very difficult task. In a post-experiment Speech Prosody 2016 31 May -3 Jun 2106, Boston, USA survey [2] , some participants complained that the task was almost impossible.
One way to alleviate this problem would be to use a pairwise tone discrimination paradigm. This paradigm would only require listeners to report whether two auditorily presented SCNs contain the same tone or not. Another advantage of this paradigm is the possibility of using the results of tone discrimination to determine whether certain pairs of tone contrasts are acoustically more confusable than others. The advantage of this paradigm is increased when nonnative speakers with no exposure to tone languages are also involved because nonnative speakers make their decisions on acoustic basis only, whereas native speakers' decisions are both acoustically and phonemically based [12] . Thus, a comparison of the native and nonnative speakers' tone discrimination using the AE cue alone can help determine whether tone contrasts in a tone language are acoustically and phonemically distinguishable [12] .
Previous studies on tone discrimination also suggested that the interstimulus interval (ISI) could affect phonemic or acoustic processing of tones [13] . A pair of tones presented with an ISI of 500 ms or less between the tones tended to processed or discriminated on an acoustic basis, whereas an ISI of 1500 ms or more would favor phonemic processing [13] . Thus, the relative contribution of acoustic versus linguistic information to tone discrimination can also be teased apart by manipulating the ISI.
The purpose of the current study is to use a Cantonese tone discrimination experiment to investigate the abovementioned unanswered questions from previous studies on tone perception using AE, and to tease apart the effects of various variables on tone perception using AE. Four specific questions will be answered: (1) Can every possible pair of tone contrasts in Cantonese be differentiated auditorily using the AE cue alone? (2) Are certain tone pairs acoustically more confusable than others? (3) To what extent do acoustic variables affect tone discrimination using AE? (4) Are there any non-acoustic factors in tone discrimination using AE?
Methods

Participants
69 adults between 25 and 40 years of age participated in the current study. Two native speakers of Cantonese (one male and one female) produced Cantonese tones for the current study. Another seven native speakers of Cantonese served as naïve judges to rate the perceptibility of these Cantonese tones. Thirty additional native speakers of Cantonese participated in the tone discrimination study. Thirty English-speaking adults with no formal or informal learning experience of a tone language also participated in the tone discrimination study. All participants had normal hearing with pure-tone air conduction thresholds of 25 dBHL or better bilaterally at octave frequencies between 250 Hz and 8000 Hz [14] . They also had Type A tympanograms and present ipsilateral acoustic reflexes at 90dB HL at 1000 Hz.
Stimuli
The stimuli used in the current study were Cantonese tones produced in isolation with the carrier syllable /ji/ or /wai/. The use of tones produced in isolation as stimuli was to control for several variables affecting Cantonese tone perception [15] [16] . Using the carrier syllables /ji/ and /wai/ would facilitate comparison with previous studies which also used these syllables [7] [8] . Second, these two carrier syllables could be combined with the six Cantonese tones to constitute twelve common words in Cantonese [7] [8]. Lastly, a significant effect of carrier syllable was found in previous studies using these carrier syllables [7] [8], which suggested that the tone perception using the AE cue alone could be affected by carrier syllables. Thus, it might be desirable to use multiple carrier syllables to investigate the effects of carrier syllables on tone discrimination using AE.
Stimulus recording was done in a sound-attenuated booth. Each of the twelve written Chinese characters representing the twelve target syllables was presented on a computer screen to each talker who was instructed to read each character aloud, as if he/she were reading the letters on an eye exam chart during a vision examination. Each character was presented ten times, in a random order with the constraint that no character be presented twice in a row. Thus, the two talkers each produced ten tokens of each target syllable, and, the two tokens with the least deviation from the ten-token average were selected as target syllable prototypes. With two tokens of twelve target syllables produced by two talkers in the current experiment, a total of forty-eight target syllable prototypes were selected.
These syllable prototypes were then equalized in duration to remove the duration cue using a two-step procedure. The grand average duration of all of the tone tokens produced by both talkers were computed, and the duration of each of the forty-eight target syllables was equalized to the grand average using a linear interpolation method [3] . The impact of this duration equalization on the perceptibility of the target syllables was assessed using a 6AFC identification task, and each of the seven native Cantonese judges performed with 90% or higher accuracy (chance level = 16.67%). Thus, the forty-eight target prototypes were accepted and were later transformed into forty-eight SCNs using the procedure in [2] [3] . Each SCN contained only the AE of the original tone prototype. For ease of discussion, these SCNs were labeled processed tones.
With six tone categories in Cantonese, thirty-six different tone pairs were possible, including thirty Different pairs (e.g., Tone 1 vs. Tone 2), and six Same pairs (e.g., Tone 1 vs. Tone 1). For each Different pair, only the token with the least deviation from the ten-token average was used. For each Same pair, two different tokens of the same tone type were used. The AEs of any two tokens in a Same pair were similar but not identical as shown in Figure 1 , which would favor phonemic processing instead of acoustic processing in the Cantonese participants in the current tone discrimination experiment [17] . With each of the two carrier syllable yielding thirty-six tone pairs, there were a total of seventy-two tone pairs in each talker block. Within each talker block, each of the seventy-two tone pairs occurred ten times randomly. Thus, there were 720 pairs of stimuli in each talker block. There was a 1500-msec silence between the two tones in each pair, and a 4-second interval between the onsets of two adjacent pairs.
There were two experimental conditions in the current experiment. Thus, there were a total of four blocks (2 talkers x 2 conditions) of stimuli. In Condition One, the original amplitude (or intensity level) of each of the tone pair was preserved. In Condition Two, the rms of each tone pair was equalized to the grand mean rms of all the tone pairs in Condition One in order to eliminate the relative AE height differences among the six Cantonese tones. Thus, a comparison of the results in both conditions could reveal the independent contribution of the relative AE height to Cantonese tone perception.
Experimental procedure
The four blocks of stimuli were presented in a random order to each participant who was instructed to press either the left or the right button of the computer mouse upon hearing each pair of tone contrasts. For half of the listeners in each language group, the left button on the mouse was labeled "Same Tone", whereas the right button was labeled "Different Tones." For the remaining listeners, the labels on the buttons were reversed. All participants were righthanded, and decided on their own to use their right hands to press the mouse buttons. The whole experiment lasted approximately three hours per listener, including a brief break between blocks.
Data analysis
Sixty participants' percent correct measures in the current study were analyzed using a 2 (groups) x 2 (conditions) x 2 (carriers) x 2 (talkers) x 36 (tone pairs) repeated measures ANOVA. To quantify the effects of different acoustic variables on tone discrimination using AE, three acoustic measures were used: F0-AE Covariability Index, AE Contour Dissimilarity Index, and AE Height Difference Index. The F0-AE Covariability Index was included because it was hypothesized to be the reason why AE could cue tone perception [3] . It was estimated using Pearson's linear correlation between the F0 contour and the AE contour of a tone [2] [3] . The AE Height Difference Index measured the mean difference between two tones in a pair in terms of AE height. The AE Contour Dissimilarity Index measured the dissimilarity between the AE contours of any two tones in a pair, and was estimated using Pearson's linear correlation and computed as 1 minus Pearson's r (1 -Pearson's r).
Results and discussion
Tone discrimination using AE
Cantonese participants' average percent correct measures for each tone pair in Condition One (where stimuli's original intensity level was preserved) are shown in Figure 2 . Performance ranged from 0.85 to 0.92 (mean = 0.88; SD = 0.05) and was significantly above the chance level of 0.5 (p < 0.01). This indicated that AE was effective in cueing Cantonese tone discrimination in native speakers. There were no significant differences among the thirty-six pairs of tone contrasts (p < 0.01). In Condition Two, the rms of all stimuli was equalized to the grand mean rms to eliminate the relative AE height differences among the six Cantonese tones. Cantonese participants' performance deteriorated significantly only for the tone pairs containing tones with similar contours but different height before the rms equalization (mean = 0.04, SD = 0.01, p < 0.01). This was expected because the pairs containing tones with similar contours but different height (e.g., High Falling Tone vs. Low Falling Tone) became more like Same pairs after the rms equalization, as illustrated in Figure 3 . Indeed, native speakers perceived these pairs as Same pairs 85% of the time (SD = 0.04, p < 0.01). This suggested that the rms equalization had indeed removed the relative AE height differences among the six tones, and consequently eliminated the AE height cue in Condition Two. A comparison of the native speakers' performance in both conditions suggested that the AE height cue was indispensable for differentiating tones with similar contours but different height in Cantonese. The relative contributions of AE height and AE contour are quantified in the next section. 
Acoustic factors in tone discrimination using AE
The relative contributions of these three acoustic indices to the Cantonese participants' percent correct performance in the tone discrimination experiment were measured using a multiple regression analysis. The AE Contour Dissimilarity Index accounted for 32% of the variance, and it was statistically significant (t(8639) = 63; p < 0.01). A higher AE Contour Dissimilarity Index for a pair of tones was associated with a higher accuracy rate with which the tone pair was differentiated using AE in the current study. The AE Height Difference Index accounted for 8% of the variance, and it was statistically significant (t(8639) = 7; p < 0.01). Specifically, a higher AE Height Difference Index for a tone pair was associated with a higher accuracy rate with which the tone pair was differentiated using AE in the current study. The F0-AE Covariability Index had the least, but nonetheless statistically significant contribution (t(1, 8639) = 27; p < 0.01), accounting for 0.4% of the variance.
Together, the three factors accounted for approximately 37.5% of the variance. This suggested that the AE contour dissimilarity between any two tones played a greater role in tone discrimination using AE than the AE height difference and the F0-AE covariability. That is, the AE contour dissimilarity between two tones was the most salient acoustic cue in Cantonese tone discrimination, and two tones with greater AE contour dissimilarity were discriminated with greater accuracy. However, since all three acoustic variables accounted for only 37.5% of the variance in Cantonese tone discrimination using AE, there could be other factors.
Other factors in tone discrimination using AE
The Cantonese participants discriminated all tone pairs in Condition One with significantly greater accuracy (F(1, 29) = 2432; p < 0.01) and shorter reaction time (F(1, 29) = 1743; p < 0.01) than the native speakers of English, as illustrated in Figure 4 . This might be attributable to the Cantonese participants' linguistic experience with tones in their native language. As reported in previous studies of tone discrimination involving native and non-native speakers, native speakers used both linguistic and acoustic processing whereas the nonnative speakers relied solely on acoustic processing [12] .
Figure 4: Cantonese tone discrimination using AE
In addition, the tone discrimination results suggested that categorical perception of tones might have been involved. The evidence came from the discrimination of the Same pairs. As illustrated in Figure 1 , each Same pair in the current study consisted of two different tokens of a Cantonese tone produced with the carrier syllable by the same Cantonese talker. The acoustics of the two tokens were very similar, but not identical. Twenty of the thirty English participants mistakenly considered these two tokens as representing two different Cantonese tones at significantly above chance level (t(19) = 2.08; p = 0.028), whereas all of the Cantonese participants correctly perceived these two tokens as representing the same Cantonese tone with significantly above chance level (mean = 0.83, SD = 0.045, p < 0.01). This suggests that the Cantonese participants perceived these two tokens phonemically, instead of using pure acoustic criteria as in the case of the native speakers of English. The Cantonese participants' phonemic perception of Cantonese tones may have somewhat constrained the acoustical factors discussed in the previous section. These findings were consistent with results from previous studies in favor of categorical perception of naturally produced tones [18] .
Summary and Conclusion
This study shed light on all four of the research questions of the current study. First, the AE cue alone could cue tone discrimination. This finding was a unique contribution of the current study to the research on tone perception using AE because this was the first tone discrimination study using AE.
Second, AE could cue auditory discrimination of any possible pair of tone contrasts in Cantonese with equal effectiveness. This was another unique contribution of the current study to the research on tone perception using AE. As discussed above, tone languages in the world use only tone height, tone contour or a combination of both for phonemic tonal contrasts [9] . Cantonese uses both tone height and tone contour for phonemic contrasts [9] [10] [11] . Therefore, it is theoretically possible for AE to cue tone perception in any tone language.
Third, the current study teased apart the relative contribution of F0-AE covariability, AE contour and AE height to Cantonese tone perception using AE. This was the third unique contribution of the current study to the research of tone perception using AE. Specifically, AE contour seemed to be the most important acoustic cue for Cantonese tone perception using AE, whereas the relative AE height played a less important but still crucial role in Cantonese tone perception using AE. This finding is consistent with results from previous studies on perception of naturally produced tones [11] . F0-AE covariability played a weak but statistically significant role in Cantonese tone discrimination using amplitude envelope alone. Together, these three acoustical factors accounted for 37.5% of the variances in the current Cantonese tone discrimination.
Lastly, linguistic factors such as experience with tone language and phonemic processing of tones seemed to play an important role in native speakers of Cantonese in the current experiment, and somewhat constrained the operation of the acoustic factors. This was the fourth unique contribution of the current study to the research on tone perception using AE because previously published studies did not investigate the contribution of these factors to tone discrimination using AE.
The current study has at least one clinical implication. As discussed above, cochlear implant users who speak a tone language have difficulties perceiving tones and therefore overall speech in their native language due to the limitations of currently available commercial speech processing strategies in encoding F0. Experimental speech processing strategies have demonstrated promising results in improving tone perception in cochlear implant users by enhancing the encoding of the AE cue [5] . Since the current study suggests that it is theoretically possible for AE to cue tone perception in any tone language, these experimental speech processing strategies could possibly be adapted to enhance the encoding of the AE cue in any tone language, and thus improve tone perception in cochlear implantees who speak any tone language.
